We have calculated an ab initio HCN/HNC linelist for all transitions up to J= 25 and 18000 cm − 1 above the zero point energy. This linelist contains more than 200 million lines each with frequencies and transition dipoles. The linelist has been calculated using our semi-global HCN/HNC VQZANO+PES and dipole moment surface, which were reported in van Mourik et al. (J. Chem. Phys. 115 (2001) 3706). With this linelist we synthesise absorption spectra of HCN and HNC at 298 K and we present the band centre and band transition dipoles for the bands which are major features in these spectra. Several of the HCN bands and many of the HNC bands have not been previously studied. Our line intensities reproduce via fully ab initio methods the unusual intensity structure of the HCN CN stretch fundamental (00 0 1) for the first time and also the forbidden (02 2 0) HCN bending overtone. We also compare the J=1 0 pure rotational transition dipole in the HCN/HNC ground and vibrationally excited states with experimental and existing ab initio results.
Introduction
The infrared spectrum of the HCN/HNC system has been the subject of numerous theoretical and experimental studies and continues to be of great interest to both molecular spectroscopy and astronomy. Within molecular spectroscopy the HCN/HNC system is a prototypical isomerising molecule with stable (HCN) and a metastable (HNC) isomers both with linear geometries. The H nucleus in the bending mode of the molecule undergoes large amplitude motion, so much so that high excitation can result in the H nucleus becoming delocalised and can provide an isomerisation pathway. However, despite many theoretical studies of the isomerising motion of the molecule [1] [2] [3] these so called delocalised states have yet to be observed experimentally. The relative simplicity of the HCN/HNC system can provide a benchmark for theoretical analysis which can be extended to more complex molecules. HCN and HNC, are also important molecules throughout astronomy, for example HCN has been observed in comets [4, 5] , planetary atmospheres [6] , molecular clouds [7, 8] , carbon star atmospheres [9, 10] and circumstellar masers [11] . In fact, prior to its detection in the interstellar medium in 1971 by the radio astronomers Snyder and Buhl [12, 13] , HNC had only been observed in the laboratory by means of matrix isolation spectroscopy. Of particular interest to us is the role of HCN in C-star atmospheres, calculations by Jørgensen and co-workers [14, 15] suggest that the proper detailed treatment of the vibration -rotation spectrum of HCN can have profound effect on the structure of the C-star model atmospheres. It is this problem that motivated our ongoing project to calculate an extensive ro-vibrational linelist upto high levels of rotational excitation to aid the modelling of these stars.
Much experimental work has been done to measure the intensities and frequencies of both HCN and HNC bands, however, beyond the fundamental bands ab initio intensity calculations have been performed only on the stretching bands of HCN and HNC by Botschwina and co-workers Jakubetz and Lan [2] and Bowman et al. [3] have treated HCN and HNC simultaneously by using semi-global dipole and potential surfaces, to simulate isomerisation and to calculate vibrationally average dipole moments, respectively.
In this work, we present ab initio room temperature (298 K) synthetic spectra for HCN and HNC along with band centres and transition dipoles for the prominent features in the room temperature spectra. We also quote line intensities for the HCN CN stretch fundamental band, which has unusual intensity structure, and also for the forbidden (02 2 0) bend overtone. These spectra form part of our ongoing work and were calculated from line frequencies and transition dipoles which were computed simultaneously for HCN and HNC using our VQZANO +PES and dipole moment surface (DMS) reported in our earlier work [16] . We also present pure rotational J = 10 transition dipoles in the ground and excited states of HCN/HNC.
Ultimately the accuracy of any nuclear motion calculation is dependent upon the accuracy of the preceding electronic structure calculations and the potential and dipole surfaces. It is therefore desirable that we use the best potential and dipole surface that are available to us, in Section 2 we review the merits of existing HCN/HNC PES and DMS. In Section 3, we describe our computational method, in Section 4 we present our spectra and finally we conclude in Section 5.
The potential energy and dipole surfaces
Our ongoing project of the calculation of an ab initio HCN/HNC linelist for application in astronomy imposes limits on the type of potential surface that we will be using. At the C-star temperatures in which HCN has a major role in opacity (T eff B 3000 K) [14] , a significant amount of HCN/HNC will be in the HNC form. It is also important to note that the transition dipoles of HNC bands are more than twice as strong as the corresponding HCN band transition dipoles, so although HNC will be much less abundant than HCN each HNC molecule will have a larger effect on opacity than each HCN molecule. This makes it desirable to be able to study the behaviour of both HCN and HNC, which requires a global HCN/HNC potential surface that maintains accuracy to high energies.
Wu et al. [17] have fitted a global HCN/HNC potential energy surface (PES) to experimental data to create a PES which can reproduce known experimental vibrational energy levels to within 1 cm − 1 . However, although spectroscopically fitted surfaces reproduce known experimental data to high accuracy, they tend to extrapolate high lying energy levels outside the fitted region far more poorly than do ab initio surfaces. We intend to perform calculations on HCN/HNC upto 18000 cm − 1 above the zero point energy (ZPE). At the high end of this range only a few HCN/HNC energy levels have been measured so a fitted PES is likely to perform poorly, for this reason we have chosen to use an ab initio PES.
There are currently three ab initio semi-global HCN/HNC PES available these are the ANO/ CCSD(T) PES of Bowman et al. [1] , the PES of Varandas and Rodriques [49] and VQZANO+ PES covered in an earlier paper [16] . Our ab initio VQZANO +PES simultaneously fits 1527 ANO/ CCSD(T) points calculated by Bowman et al. [1] with 242 cc-pCVQZ/CCSD(T) points, the surface is morphed with 17 aug-cc-pCVQZ/CCSD(T) cal-culated in the HNC region of the PES. Finally to improve the representation of the HNC part of the surface. The VQZANO +surface is also adjusted to coincide with three cc-pCV5Z/CCSD(T) points calculated at the critical points of the HCN/HNC system. The VQZANO + PES includes relativistic and adiabatic corrections, which are often neglected when constructing an ab initio PES.
Vibrational energy level calculations with the VQZANO +PES give stretching band origins that more closely match experiment than do the stretching band origins calculated with the Bowman et al. PES [1] and the bending band origins are of a comparable level of accuracy, see below. The positions of the HCN and HNC minima of the VQZANO +PES are considerably closer to experimental equilibrium bond lengths, determined by isotopic substitution [18, 19] , than those of the Bowman et al. PES. This is likely to result in the VQZANO +PES giving a better representation of the molecules rotational motion than the Bowman et al. PES. Overall the VQZANO + PES is in general superior to the PES of Bowman et al., as a result we use the VQZANO+ PES for the calculations presented here.
There are three semi-global dipole moment surfaces (DMS) available these are the TZP/AQCC DMS of Jakubetz and Lan [2] , the aug-ccpCVTZ/CCSD(T) DMS of Bowman et al. [3] and cc-pCVQZ/CCSD(T) DMS of van Mourik et al. [16] . The DMS of Jakubetz and Lan was calculated with the smallest basis of these three DMS, the intensities calculated with it compare with experiment far less favourably than do our calculations with the van Mourik et al. DMS, see below. The DMS of Bowman et al. [3] , uses fewer points and a smaller basis than the van Mourik et al. DMS [16] . The van Mourik et al. surface as a result is the best available DMS and the one which will be employed here.
The calculation
Frequencies and dipole transition strengths have so far been calculated for all the HCN/HNC rotational vibrational transitions between states with energy less than 18000 cm − 1 and J5 25. This data set contains more than 200 million lines and 80000 rotational vibrational energy levels. Our vibrational, rotational, and dipole transition calculations were performed with the DVR3D program suite [20] , which uses an exact kinetic energy (EKE) operator and a discrete variable representation (DVR) for the vibrational motions. Jacobi coordinates were used with Legendre polynomials to give the angular grid points and Morse oscillator-like functions for the radial grids. Thirty-five grid points were used for the R coordinate, 21 for the r coordinate and 50 for the angular coordinate. This basis was optimised to obtain a balance between the level of convergence and the available computer resources. Although this basis is slightly smaller than the one used in our previous work [16] , it is sufficient to converge all calculations reported here. The parameters for the morse oscillator like basis in the r coordinate are r e = 2.3 a 0 , D e (r)= 29.0 E h and e (r)= 0.0105 E h . The parameters for the morse oscillator like basis in the R coordinate are R e = 3.2 a 0 , D e (R)= 5.0 E h and e (R)= 0.004 E h . Where r e is the equilibrium distance, D e is the dissociation energy and e is the harmonic frequency, see Ref. [20] .
The huge number of lines that we have calculated required a large amount of processing power which make it necessary to parallelise the processor intensive routines of the DVR3D codes. The openMP fortran API multiprocessing directives [21] with the MIPSpro 7 Fortran 90 compiler [22] on the 'Miracle' 24 processor SGI Origin 2000 computer, were used to perform the parallelisation. The most processor intensive module of the DVR3D suite is DIPOLE3, which calculates dipole transition strengths between states which are not rigorously dipole forbidden. One loop of this module calls a rank 1 matrix update subroutine and consumes 95% of the runtime. By parallelising this loop we were able to reduce the run time by a factor of five when running on eight processors.
We have used our linelist to calculate room temperature (298 K) absorption spectra of both HCN/HNC and HNC as a separate molecule. The spectral calculations were limited to bands which have lines with absolute intensity above 4 cm
. Figs. 1 and 2 show a spectral map of the HCN/HNC spectrum over the range 0-18000 cm − 1 , the intensity of HNC bands at room temperature is less than the cut off intensity, so there are no HNC bands shown in this spectrum. Fig. 3 show the spectrum in the region of the (40 0 0) stretching overtone. To ease comparison with experiment and earlier ab initio work, the line transition dipole data was reduced to band transition dipoles for all the HCN bands shown in the spectrum and for other selected bands, see Tables 1 and 2 . For a given band this was done by dividing each line transition dipole by the square root of the appropriate Hö nl-London and vibrational intensity factors to give the band dipole for that line. The mean band dipole and the standard deviation were calculated using the band dipole calculated from each line. Our standard deviation thus measures the reliability of using band dipoles and Hö nl-London factors, it does not account for the systematic errors in our calculation.
The Hö nl-London factors used in experimental works by two different groups, Maki et al. [23] and Smith et al. [24] differ by a constant in some cases. Van Mourik et al. [16] re-derived the Hö nlLondon factors from the matrix elements given by Gordy and Cook [25] Table 3 ) which has unusual R branch structure, see Maki et al. [26] , and the Fig. 1 . Ab initio spectral atlas for HCN in absorption, between 0 and 8000 cm − 1 at 298 K. transitions are labelled 6% 1 6% 2 l%6% 3 for transitions from the ground state and 6% 1 6% 2 l%6% 3 − 6¦ 1 6¦ 2 l¦6¦ 3 for transitions from an excited state. forbidden HCN bend overtone (02 2 0) (see Table  3 ). For these bands we compare our calculated absolute lines intensities with experimental absolute line intensities. Line intensity can be calculated from line transition dipole by using:
Here, for clarity we use SI units where possible, I L is the line intensity (m 
273.15
In this work a value of Q vr (298 K)= 149.944 given by Maki et al. [33] was used.
The experimental data of Smith et al. [24, 27, 28] and the earlier theoretical work of Botschwina and co-workers [29] [30] [31] , was originally reported as integrated band intensities (cm mol − 1 ). For consistency we have converted these band intensities to band transition dipoles. Band intensity is related to band transition dipole by the formula:
Again for clarity we use SI units, where I B is the band intensity in m mol
, N A is the Avogadro number, w 0 is the wavenumber in m − 1 of the band centre and v is the transition dipole in C m. This formula is based upon Eq. (1) and takes into account the manipulation that Smith et al. [24] performed on their data to give integrated band intensities. The approximation here is a result of using the wavenumber of the band centres rather than that of the individual lines. At worst this approximation is accurate to a few percent, better than the approximation made when using Hö nlLondon factors and less than the experimental statistical error. The factor in square brackets on the RHS of Eq. (3) is the population difference between the two states. It gives rise to induced emission and is very close to 1 for the range of results reported in this work. With rearrangement and using the particular combination of units of dipole moment in Debye, intensity in cm mol
and wave number in cm − 1 , the above formula becomes:
This equation is of the same form as used by Botschwina et al. [29] , to convert between band transition dipole and band intensity. The aim of our calculations is to produce a complete linelist of the HCN/HNC system including transitions to and from HCN, HNC and the delocalised states. Consequently localised HCN and HNC transitions are mixed together with the delocalised states. To produce a room temperature HNC only spectrum it is necessary to separate the localised HNC transitions from the other transitions. Bowman et al. [3] have suggested using the sign of the permanent dipole moment of a vibrational level to identify it as a HCN or HNC state. It is difficult to obtain absolute information from our calculated transition dipoles, so in this work HNC and HCN states are separated by comparing the transition dipole of a ro-vibrational state to the ground HCN state and to the ground HNC state. Localised HNC states will have a far greater transition dipole to the HNC a Experimental data, band centres taken from Refs. [27, 34, [43] [44] [45] , transition dipoles from Maki et al. [23] and from Smith et al. [24, 27] where marked.
b The ab initio calculations of this work, using the VQZANO+PES and the cc-pCVQZ/CCSD(T) DMS of van Mourik et al. [16] . c Experimental measurements of Smith et al. [24, 27] . d This band is involved in intensity stealing.
ground state than to the HCN ground state. This allowed us to identify localised HNC energy levels and transitions between them. Using this method only a handful of HCN states were mis-identified as HNC states, these tended to be HCN states with extremely low transition dipoles to the ground state, for example the HCN bending overtone (08 8 0)(00 0 0) which is a forbidden transition. Transitions involving these few miss-identified states were removed by hand. It may also be possible to identify delocalised states using this method. The wave functions of delocalised states have significant magnitude in both HCN and HNC potential wells and so should have similar transition dipole to the low lying localised states. However, as a result of the problems discussed above this is a qualitative method and is not wholly reliable.
We are in the process of calculating a fully ab initio partition function, but at present despite our literature searches we have not found a partition function for HNC. This effects only calculation of absolute intensities for HNC and will not effect our spectra in which we give relative intensities or our band transition dipoles. Tables 5 and 6 . Finally from the J= 0 1 pure rotational transitions in the HCN and HNC ground and some HCN excited states, we give vibrationally averaged permanent dipoles and compare them with experiment and the ab initio vibrationally averaged dipole moments calculated by Bowman et al. [3] , see Table 7 .
The vibrationally averaged dipole moment of a given state is approximately equal to the J= 0 1 pure rotational transitions from the following argument. The rotational transition dipole moment for a given vibrational level n is given by: nJ%vnJ¦. The vibrationally averaged dipole moment is the case where J% = J¦= 0 and can be approximately equated to the rotational transition dipole multiplied by the correct Hö nl-London factor:
Furthermore H J = 1 for the case where J% =1 and J¦=0. Therefore the J= 1 0 pure rotational transition dipole is equal to the vibrationally averaged dipole moment within the approximations made when using Hö nl-London factors. b The ab initio calculations of this work, using the VQZANO+PES and the cc-pCVQZ/CCSD(T) DMS of van Mourik et al. [16] . 
Results and discussion

HCN spectrum
Overall for transitions involving the lower energy levels (B 10000 cm ) the transition dipoles of our bands (see Tables 1 and 2 ) agree in most cases to within combined errors with experimental work and the ab initio work of Botschwina et al. [29] . However, for transitions involving the higher energy levels (\ 10000 cm 2). The difference between the band centres of each band pair in our calculations tends to differ from experiment by about 10 cm − 1 , this will serve to increase or decrease the interaction between the bands in each pair depending on whether the bands are closer together or further apart. The individual band intensities of these pairs of bands have not been reproduced accurately via fully ab initio techniques. Indeed Botschwina et al. [29] who used a smaller 130 cGTO basis HCN stretching PES and 110 cGTO basis DMS, sidestepped the problem by calculating combined band intensities for each pair. To accurately reproduce experiment for these interacting bands, very accurate wave functions are needed, as was shown by Botschwina [30] who reproduced experiment more accurately by using an empirical correction to his wavefunctions.
Overall our calculations agree to a similar level of accuracy as the calculations of Botschwina et al. [29] and agree more closely to experiment in the case of the (30 0 3) overtone from which the dipole from Botschwina deviates by a factor of two. It must be stressed that the calculations of Botschwina et al. involve only two-dimensional HCN stretching coordinates and use two-dimensional potential and dipole functions only and give no information on bending excitations. Our band transition dipoles are significantly better than the AQCC calculations of Jakubetz and Lan [2] supporting our choice of dipole surface.
There are two bands in our spectrum which have not yet been experimentally identified and may well be experimentally detectable, these are (11 1 2)(00 0 0) and (23 1 1)(00 0 0). There is an element of intensity borrowing present in some bands, one particular example is the (40 0 0) (00 0 0) band, see Fig. 3 . This band shows a significant dip in intensity as a result of intensity borrowing by the (23 1 2)(00 0 0) band in the re- gion of the R(15) and P(17) line. Intensity borrowing is not accounted for by Hö nl-London factors, so our band intensities were calculated using lines from outside the regions in which intensity stealing was taking place. The errors on our band transition dipoles are a statistical measure of how well suited to fitting the intensity structure of a band Hö nl-London factors are. For some bands, such as the (04 2e 0) (01 1 0) bend hot band, errors are as much as 20%. Hö nl-London factor will not accurately reproduce the intensity structure of these bands. Table 3 compares the experimental results of Maki et al. [26] for the (00 0 1) band with our ab initio line intensities. The P branch ab initio line intensities are approximately 30% stronger that the experimental intensities. The ab initio R branch peak, reach minimum and peak again at J¦= 2,8 and 18, respectively, each of which are just above the experimental values at J¦ =1,7 and 16, respectively. The intensities of the R branch lines beyond the minimum (J¦\ 11) agree well with experiment. None the less for the band our calculations are in reasonable agreement with experiment and amount to the first fully ab initio reproduction of the intensity structure of this band. The spectrum in the region of the (00 0 1) fundamental is plotted in Fig. 4 . The P branch of the (00 0 1) fundamental band and the P, Q and R branches of the (03 1 0) overtone band are the major features in the spectrum. The unusually low intensity of the R branch of the (00 0 1) fundamental is clear in this figure. Botschwina et al. [31] using wavefunctions determined from the spectroscopically fitted HCN potential surface of Carter et al. [32] and their own ab initio 110 cGTO/CCSD(T) dipole surface have calculated the band dipole for the (00 0 1) fundamental to within experimental error. The calculations of Botschwina et al. described the unusual structure of this band for the first time and they determined a value of A 1 = −0.188 for the first order Herman-Wallis constant which agrees reasonably well with the experimentally determined value A 1 = −0.1254 of Maki et al. [26] . Their value of A 1 , however, under predicts the position of the minimum in the R branch putting it at about J¦ =4 compared to the experimental value of J¦= 7 and our ab initio value at J¦= 8. This highlights the high level of sensitivity of the R branch structure to the wave functions and dipole surfaces used in the calculation.
The (02 2 0) bend overtone is forbidden by the normal dipole selection rules for a linear triatomic which are, for parallel transitions:
with DJ =0 not allowed if l= 0. For perpendicular transitions:
Some bending states with different orbital angular momentum (l) can become coupled by coriolis interactions, resulting in l being poorly defined. In this event the selection rules on l are not rigidly obeyed. The (02 2 0) overtone intensities we have calculated are given in Table 4 , they compare well with the experimental intensities of Maki et al. [33] . The P and R branch, except for the J¦=5 line, agree to within 25% of experiment and the Q branch also agrees well, to within 30% of experiment. The calculated band centre at 1432.24 cm − 1 agrees to within 8 cm − 1 with the experimental value from Maki et al. [34] of 1424.76 cm
The band centres are compared with experiment and the stretching vibrational band origins of Bowman et al. [1] , in Table 2 . Our calculated HCN band centres agree reasonably well with experiment, for transitions with frequency of less than 10000 cm − 1 the mean deviation from experiment is 5 cm − 1 , for transitions with frequency greater than 10000 cm − 1 the mean deviation from experiment is 11 cm − 1 . In general our stretching band centres are closer to experiment than those of Bowman et al. [1] . A fuller discus- [33] . Fig. 5 . Ab initio spectral atlas for HNC in absorption, between 0 and 8000 cm − 1 at 298 K. transitions are labelled 6% 1 6% 2 l%6% 3 for transitions from the ground state and 6% 1 6% 2 l%6% 3 − 6¦ 1 6¦ 2 l¦6¦ 3 for transitions from an excited state.
sion of band origins calculated with the VQ-ZANO + surface is given in Ref. [16] . Tables 5 and 6 .
HNC spectrum
Experimental data for band dipoles are only available for the HNC fundamentals [36, 37] , our ab initio calculations agree very well with both experimental and theoretical work for the stretching fundamentals. However, for the bend fundamental our calculation is in agreement with the only other theoretical value [38] , but disagrees with experiment. The bending transition dipole was not directly measured by Nezu et al. [36] , but determined from the transition dipoles of the stretching fundamentals using the Herman-Wallis effect. As both theoretical values agree it is likely that the value of Nezu et al. is in error, in fact Nezu et al. [37] express doubts about the accuracy of their determination of the transition dipole of the bending fundamental. Beyond the fundamen-tal bands theoretical intensity work has been done only on the stretching overtones [2, 29] , our stretching overtones are in agreement with both theoretical works.
Our calculated band centres and the ab initio energy levels of Bowman et al. [1] for the CN stretching bands are of comparable accuracy, for the HN stretching bands our calculations are closer to experiment, see Table 5 . Maki and Mellau [39] estimated the band centre of the (03 1 0) overtone from anharmonic vibration constants of HNC up to the quartic terms which were fitted to Fig. 6 . A comparison of ab initio and experimental [35] absorption spectra in the region of the Q and R branch of the HNC (01 1 0) fundamental at 298 K. [39] and Northrup et al. [46] and band transition dipoles from Nezu et al. [36, 37] .
b The ab initio calculations of this work, using the VQZANO+PES and the cc-pCVQZ/CCSD(T) DMS of van Mourik et al. [16] . c The ab initio stretch only cc-pVQZ/CCSD(T) potential and aug-cc-pVTZ/CCSD(T) dipole surface calculations of Botschwina et al. [29] .
d The ab initio ANO/CCSD(T) vibrational energy level calculations of Bowman et al. [1] , quoted here are stretching levels only, see text.
e The ab initio TZP AQCC calculations of Jakubetz and Lan [2] , using the Bowman et al. [1] potential surface. f The TZ2P/CCSD(T) calculations of Lee and Rendell [38] . g The transition dipole of the bending fundamental was estimated from the stretching fundamental transition dipoles using Herman-Walis effect by Nezu et al. [36] , see text.
h These transitions have not been directly measured, but have been inferred from other transitions. Table 6 A comparison of experimental and theoretical band centres (cm
) and transition dipoles (Debye, with standard deviation give to the last digit in brackets) of HNC hot bands and overtones which involve a degree of bending mode excitation and are prominent features in the spectrum at 298 K Experimental a 6¦ 1 6¦ 2 l¦6¦ 3 This work 6% 1 6% 2 l%6% 3 . The large standard deviation of their fit implies that estimates of band centres from these constants will not be very accurate and as a result the large deviation from theory seen in Table 6 is to be expected. The stretching only HNC band centre calculations of Botschwina et al. [29] are in good agreement with experiment. This is despite using a 133 cGTO basis which is smaller than the cc-pCVQZ basis (198 cGTO) used for part of the VQZANO +PES [16] . However, the HNC potential of Botschwina et al. [29] considered stretching only coordinates. Experiment and the ab initio calculations of this work for the band centres of the HNC N H stretch fundamental and overtone deviate by 12.5 and 18.0 cm − 1 , respectively. It is likely that this deviation is caused by the cc-pCVQZ/augcc-pCVQZ basis not being large enough to accurately describe the electronic structure of the molecule at HNC geometries in the R coordinate.
Dipole moments
The J=1 0 pure rotational transition dipole calculated in this work is compared to experimental data and the ab initio vibrationally averaged dipole moments calculated by Bowman et al. [3] in Table  7 . The HCN ground state and excited states for our dipole moment agree marginally less favourably with experiment than those of Bowman et al. However, for the HNC ground state we agree significantly better with observation than Bowman et al. [3] , which deviates from experiment by − 0.078 debye and gives a value for the HNC ground state dipole that is lower than that of the HCN ground state dipole. Botschwina et al. [31] used the empirical PES of Carter et al. [32] and a 110 GTO ab initio dipole moment surface for their calculations. Their results agree more closely with experiment than do the two fully ab initio calculations. Implying that the errors in the fully ab initio calculations are primarily due to the ab initio wavefunctions not being accurate enough.
Stanton [40] provided Bowman et al. [3] with benchmark calculations, at the cc-pCVQZ/ CCSD(T) level, of the dipole moment at the three critical points of the system. The dipole moment given by the cc-pCVQZ/CCSD(T) DMS of van Mourik et al. at the geometries of the critical points calculated at the cc-pCV5Z/CCSD(T) level by van Mourik et al. [16] are given in Table 8 . The dipole moments from the DMS of van Mourik et al. are in good agreement with the calculations of Stanton [40] and the dipole moment from the DMS of Bowman et al. [1] .
Conclusions
We have computed room temperature spectra, band centres and band transition dipoles of HCN and HNC using purely ab initio techniques. Features in our spectra, including the region of the [3] with aug-cc-pCVTZ/CCSD(T) DMS. b This work, J = 0 1 rotational transition dipole using cc-pCVQZ/CCSD(T) DMS. c Dipole moment calculations of Botschwina et al. [31] with HCN-only 110 cGTO/CCSD(T) DMS. d Deleon and Muenter [47] . e HNC ground state. f Blackman et al. [48] . a Dipole moments from the aug-cc-pCVTZ/CCSD(T) DMS of Bowman et al. [3] at the coordinates of the critical points calculated by Stanton [40] at the cc-pCVQZ/CCSD(T) level.
b The Dipole moments from the cc-pCVQZ/CCSD(T) DMS of van Mourik et al. [16] at the coordinates of the critical points calculated at the cc-pCV5Z/CCSD(T) level.
c Dipole moment at the critical points calculated by Stanton [40] these predictions are useful for spectral analysis.
In particular the use of variational nuclear motion calculations and ab initio has provided means of assigning otherwise unanalysable spectra [41] . A key feature of this ab initio procedure, often not shown by methods which involve fitting to spectra, is that once rotational progressions can be reliably extrapolated [42] . This means that once allowance is made for the overall band error, predictions can be very reliable. The present calculations, see Fig. 6 for example, reproduce the rotational structure of the spectra accurately and will form a good starting point for further spectral analysis. This calculation is presently being extended to the high temperatures required for astrophysical studies.
HCN CN stretching fundamental and the HNC bending fundamental, match well the features of HCN and HNC spectra in published figures. We have plotted and assigned bands to a HCN spectral map in the range 0-18000 cm − 1 and to a HNC spectral map in the range 0-8000 cm − 1 . In general our band centres agree more closely with experiment than do the ab initio energy levels of Bowman et al. [1] calculated with their global ab initio PES. Our band transition dipoles for both HCN and HNC agree more closely with experiment than do those of the ab initio global DMS Jakubetz and Lan [2] and are of comparable accuracy to the stretching only CCSD(T) calculations of Botschwina et al. [29] . We have also reproduced the unusual structure of the HCN CN stretch fundamental via fully ab initio techniques for the first time and have calculated the intensities of the forbidden Q branch of the HCN (02 2 0) overtone, which compare well with experiment.
Finally our HCN J =1 0 transition dipoles compare well with experiment and also with the vibrationally averaged dipole moments of Bowman et al.
Reported here are band transition dipoles for several HCN and many HNC bands for which no experimental or computationally determined band transition dipoles have previously been reported.
An important reason for using ab initio techniques for calculating rotation-vibration is that
